Harvard caries-resistant rats (CR) monoassociated with cariogenic Streptococcus faecalis (SF) for 150 days developed early high levels of specific SF serum agglutinins, moderate levels of salivary antibody, and little or no caries activity. Harvard caries-susceptible (CS) SF-monoassociated rats developed serum antibody more slowly and never reached the titers of the CR group. Little or no salivary agglutinin was found, and extensive caries developed. Second-generation monoassociated CR rats (CR-2) born to SF-monoassociated CR parents showed an immune response and caries activity more nearly resembling those of the CS rat than those of their CR parent. The CR rat appeared to be a high responder and the CS rat, a low responder to viable antigen on the mucous surfaces in both serum and salivary antibody production. Immunization by parenteral injection of killed SF cells produced equally high serum titers in both CR and CS strain rats, but failed to increase salivary agglutinin titers in any group or to protect against caries. These data suggest that there may be an immunological basis for genetic differences in caries susceptibility between CR and CS Harvard rat strains and that this difference has been modified by some factor in the environment of the CR-2 rats.
Many studies have attempted to determine the relative importance of genetic and environmental factors contributing to the development of dental caries. Since the essential role of bacteria in cariogenesis was shown (10, 11) , attempts to reduce caries incidence by immunization have met with varying success (2) . The hypothesis that caries resistance may have an immunological basis is supported by the observations that: (i) rats produce antibody in response to cariogenic bacteria present in the environment; (ii) gnotobiotic rats harboring a cariogenic microorganism develop dental caries which can be prevented in littermate rats by immunization with a homologous bacterin; and (iii) immunized rats display lower caries incidence and higher salivary antibody titers than their nonimmunized counterparts (5, 8, 15, 18) .
In the present study, inbred Harvard cariesresistant (CR) and caries-susceptible (CS) rats were chosen for the experimental model to test the hypothesis that a genetic difference in immune response might contribute to the difference in caries susceptibility between the two strains. A known cariogenic diet and a known 1 Present address: La Rabida-University of Chicago Rewsarch Institute, Chicago, IL 60649. cariogenic strain of bacteria monoassociated with gnotobiotic rats were used to limit environmental variability and to enable comparison with previous work. (17, 18 ; M. Wagner, Ph.D. thesis, Purdue University, West Lafayette, Ind., 1966). Although development of caries is slower in our model than in the usual Streptococcus mutans system (8, 15) , it has the advantage of allowing the immune response to develop fully and to interact with the cariogenic bacteria before carious lesions are well advanced. Experimental models using periods of only 3 to 4 weeks may distort or eliminate immune factors operating in natural caries development. Cariogenic bacteria like Streptococcus faecalis ND 547 (SF), which lack the large quantities of extracellular dextrans characteristic of S. mutans, may also differ from S. mutans in their effects on antibody production. For example, repeated injection of killed S. faecalis into the salivary gland area of conventional rats produced no detectable salivary agglutinin, whereas S. mutans under the same conditions gave salivary antibody titers averaging 56 (R. Walters, unpublished observation).
The sulcal lesions normally developed by the conventional Harvard rat fed a cariogenic diet, unless specifically challenged with an organism known to produce smooth surface caries (13) , are similarly developed in this monoassociated model. Thus, caries production is similar to that occurring with normal flora, although in the latter case other organisms or combinations of organisms may be involved.
The present studies using the SF-monoassociated rat model system showed a major difference in immune response between CR and CS rats, which correlated with dental caries activity. Both caries incidence and antibody production were modified when the CR rats were second-generation monoassociated animals (CR-2). MATERIALS AND METHODS J. H. Shaw of the Harvard School of Dental Medicine kindly supplied the breeding stock of the Harvard CR and CS strains of rats. Gnotobiotic animals were obtained by timed breeding of these animals, with litters taken into germ-free isolators by Caesarian section within 12 h of expected delivery. Litters were foster suckled on lactating germ-free Wistar mothers from the gnotobiotic colony maintained at Lobund Laboratory. Conventional stock was maintained in an animal room with other rat strains on autoclaved diet L-485 (6). Experimental animals, both conventional and gnotobiotic, were given autoclaved solid cariogenic diet L-128 (10, 18) and autoclaved 5% sucrose water ad libitum as the sole source of fluid. When germ-free litters were 21 days old, inoculation with SF was done by swabbing the oral cavity with a cotton-tipped applicator dipped in a 24-h broth culture of the organism. Rats referred to as CR-2 rats were born in the isolator to CR parents that had been monoassociated with SF. CR-2 rats were thus exposed to the bacteria from time of birth, or perhaps even in utero. CR and CS rats were housed in separate cages in all experiments. In some cases, the two strains were in separate isolators, and in other experiments both strains were in one isolator. No differences were apparent with this variation in procedure. Conventionalized animals were littermates of germ-free animals that were removed from the isolator at 21 days of age and given an oral swabbing with a suspension of a fecal pellet from a conventional rat of the same strain in order to establish a normal flora. These rats were than maintained in a normal animal room on the L-128 diet with 5% sucrose water. Approximately equal numbers of male and female animals were used in each experimental group, and there were no differences between the sexes in the parameters measured, except in weight.
The immunization protocol consisted of intraperitoneal injection at 21 days of age of 5 x 1010 SF cells killed with 1% formaldehyde and resuspended in 1 ml of phosphate-buffered saline, pH 7.3, followed by similar injections 5 days later and at 30-day intervals thereafter. Samples of serum and saliva were collected while the animals were anesthetized with 25 mg of sodium pentobarbital per kg of body weight.
INFECT. IMMUN.
Salivation was stimulated by a subcutaneous injection of methacholine chloride at a dosage of 1 mg/kg of body weight. Studies in our lab and elsewhere (12) have shown that methacholine produces saliva with a composition more nearly resembling that of normal saliva than does pilocarpine. Antibody levels were measured by agglutination of the SF wholecell bacterial suspension gently sonically treated at 0.65 mA for 5 min to break chains and diluted in phosphate-buffered saline to match the no. 2 tube in the standard McFarland nephelometer series. Antigen and serially diluted serum or saliva (0.3 ml of each) were incubated in a 37°C water bath for 4 h. Tests were read after an additional 18 to 20 h of incubation at 4°C and read again 24 h later. Agglutination titer was expressed as the reciprocal of the highest dilution giving at least a 3+ reaction based on a 4 + scale of agglutination and graphed as log2 of the titer. Controls of known negative and positive serum were included. Titers of less than 4 are reported as 0 in the tables.
Gnotobiotic monoassociated and germ-free animals were monitored microbiologically by routine methods (16) . Fecal samples from gnotobiotic animals examined by direct Gram stain and by plating revealed large numbers of streptococci. Bacteria in saliva samples were assayed by viable plate counts 1 to 2 h after collection. The first few drops of stimulated saliva were found to contain considerably more bacteria than the final drops, and therefore the number of bacteria per milliliter will vary considerably with the length of time saliva is collected. We report the number of bacteria in the total volume of saliva collected as more representative of the salivary population. Tryptone glucose extract agar was used for SF counts from monoassociated rat saliva.
SF colonized the monoassociated rats immediately and persisted at levels of 1 x 104 to 7 x 106 in 1 to 3 ml of saliva collected, with considerable variation with time and individual animals.
After 150 days, rats were sacrificed and decapitated, and the teeth were cleaned and scored by a slight modification of the method of Cox et al. (3) as described by Orland et al. (10) .
RESULTS
Immune response varied widely under the different experimental conditions. Figure 1 shows serum immune response in the various environment and treatment groups after 60 days of the total 150-day experimental period had elapsed. Monoassociated CR rats (Fig. 1A) had uniformly high levels of serum agglutinins that were not increased by parenteral immunization with the bacterin (Fig. 1B) . However, the germ-free CR and CS rats (Fig. 1C) , when immunized parenterally, showed a serum antibody response similar to the monoassociated CR rat. Monoassociated CS rats had low levels of serum agglutinins (Fig. 1A) , but, when parenterally immunized, the response was equal to or in some cases better than that of the CR rat in both monoassociated (Fig. 1B ) and germ-free Salivary agglutinins (Fig. 2) were lower in all animals than were the serum agglutinins in the corresponding group. The monoassociated CR rats, both injected and noninjected, developed measurable antibody, whereas the response in all other groups was nominal. Differences in salivary titers between monoassociated CS and CR rats, whether or not they had been immunized by injection, were significant, with a probability of <0.05. At 60 days, injected monoassociated CS and injected germ-free CR and CS rats had high serum titers but little or no salivary antibody. Thus, secretory antibody developed only with exposure to environmental antigen and did not appear to be transferred from serum.
In Table 1 , the data for individual rats are shown at 90 and 150 days. Agglutinin levels measured in individual animals were higher in all cases than at 60 days (Fig. 1.) . The monoassociated, noninjected CS rats, some of which had no detectable serum or salivary antibody at 60 days, had serum antibody titers from 8 to 1,024 at 150 days. Some individuals had sali- vary agglutinins as well, although at low levels (8 to 16). The tendency toward higher serum agglutinin titers in the CR rats compared to the CS animals persisted in this category (Table 1 , treatment group 1). There was no overlap in the range of titers in the two groups, but the difference was not statistically significant because of the small number of animals and the wide range of titers in the CS rats. Salivary agglutinins were again significantly different (P < 0.01) when CS were compared with CR, whether or not immunized by injection.
The CR rat retained its caries resistance under these conditions (Fig. 3) . Only two of seven rats developed any caries, and these two had scores of 4 and 7. The fact that these two rats were both in the noninjected group (Fig. 3A ) cannot be considered as evidence for protection by injection in view of the small number of animals involved. The CS rats showed a significantly increased caries incidence over the CR group, but injection did not produce any caries protection (Fig. 3B) .
Caries scores in conventional Harvard rats fed the cariogenic diet but with normal oral flora averaged 2 in the CR animals and 47 in CS rats (Fig. 3C) . Germ-free animals were always caries-free and developed no SF-specific agglutinins in serum or saliva unless injected with the bacteria. Growth rates of rats fed the cariogenic diet L-128 and commercial L-485 were the same. The weights of 4-month-old males averaged 304 g for CR and 283 g for CS rats. Harvard CS rats typically maintain a lower body weight than do CR rats throughout their lifetime (13) .
In Table 2 , the immune responses of CR and CS rats are summarized and compared with those of the second-generation SF-monoassociated CR rat (CR-2) at the 60-day experimental VOL. 16, 1977 on November 2, 2017 by guest http://iai.asm.org/ period when differences were most marked. In both serum and salivary agglutinin titers, the CR-2 rat lay between its CR parent and the CS animal, although its response was closer to that of the CS rat. The uninjected CR-2 rats differed significantly from the CR in serum (P < 0.01) and salivary (P < 0.05) agglutinin titers. There was no significant difference between the CR-2 responses and those of the CS. Injected rats of all three groups showed similar responses. At the conclusion of the 150-day experimental period, the monoassociated, uninjected CR-2 rats had a mean serum titer of 235 (range, 4 to 1,024) and a mean salivary titer of 6.7 (range, 4 to 32), whereas the monoassociated injected CR-2 group produced serum antibody titers of 4,096 (all four rats) and mean salivary titers of 16 (range, 8 to 64). CR-2 serum titers were not significantly different from those of CR or CS at 150 days, but the difference in salivary agglutinins between CR and CR-2 persisted (P < 0.01). In addition, there was a very significant difference in dental caries incidence between each of the three groups of animals (Fig. 3) animals or the responses reported for other strains (1, 8, 16) . Under gnotobiotic conditions, the CR rat gave uniformly high immune responses in serum and detectable salivary antibody, but CS animals had much lower serum titers and little or no salivary antibody. Differences between strains became less with time but persisted throughout the experimental period of 150 days. At the same time, all the animals gave good immune responses to injected antigen, with serum titers about the same level as those produced by the CR in response to environmental antigen only. Injected antigen had no effect on antibody titers in the latter case. Neither salivary agglutinins nor protection against caries was achieved by parenteral immunization in this model system, contrasting with Wagner's previous observations in SF-monoassociated Wistar rats (18) in which salivary agglutinins were increased and caries were decreased under similar conditions by injection of SF antigen as compared with SF monoassociation alone. These Wistar rats were intermediate between Harvard CR and CS strains in serum agglutinin levels and caries scores and responded to injected antigen with increased antibody titers in both serum and saliva, providing further evidence for 16, 1977 on November 2, 2017 by guest http://iai.asm.org/ Downloaded from strain differences in rat immune responses. In the gnotobiotic Harvard rat, other factors apparently outweighed the effect of parenteral immunization.
Caries incidence was similar to that seen in conventional Harvard rats fed the cariogenic diet. Immune response to monoassociation with SF correlated well with caries incidence. CR rats with high responses had little or no caries activity, whereas the CS animals had a poor immune response and extensive caries. High serum antibody levels achieved by parenteral immunization showed no correlation with caries incidence. The difference between strains of rats in immune response was greatest at the early 60-day period when antibody would be most effective in preventing initiation of caries. Titers reported may be considered minimal, since sampling was done just before booster injections were given. Although salivary agglutinin titers correlated with caries incidence, additional important information on strain differences might be obtained in further experiments by the use of the agglutination augmentation test (8, 15) or a primary binding assay.
Caries resistance also correlated with immune responses to monoassociation in the gnotobiotic CR-2 rats. These animals lost much of their parent's immune responsiveness and caries resistance. Their agglutinating antibody titers at 60 days were very low when monoassociated, like those of the CS rats. Their caries scores, although lower than the comparable CS groups, were much higher than those of their CR parents. The CR-2 rats differed from the CR in that the former had an earlier (prenatal or neonatal) exposure to viable SF antigens, whereas the latter were exposed to SF by monoassociation after 21 days of germ-free life.
Previous studies (17, 18) found a similar change in immune responses in out-bred, second-generation monoassociated rats. For example, Wistar rats monoassociated with L. casei at birth or at 21 days of age developed moderate levels of serum agglutinins, which were not increased when similar animals were additionally immunized by injecting killed lactobacilli. Second-generation monoassociated offspring of these animals had no agglutinins after 150 days, but a good response was produced by injected bacteria. In these experiments, the lack of immune response appears to result from exposure to the bacteria in utero, since initial monoassociation at various times from birth to 48 days of age resulted in good serum agglutinin levels.
The species of bacteria as well as the rat strain determined the immune response to monoassociation observed. Second-generation, INFECT . IMMUN. SF-monoassociated Wistar rats produced specific agglutinin at levels higher than those of their parents (19) , as contrasted to the significantly lowered response of the CR-2 rats under identical conditions. Germ-free Sprague Dawley rats initially monoassociated at 90 days of age with S. faecalis were reported to have no specific serum agglutinin after 4 weeks (1). The absence of salivary antibody measurements prevented further comparison of the Harvard responses with either of these experiments.
The problem of comparison is further emphasized by the experiments of Michalek et al. (9) , where monoassociation of 45-day-old Charles River rats with S. mutans resulted in no salivary and very little serum agglutinin at 90 days of age. However, when these monoassociated animals were fed the killed bacteria from 20 to 90 days of age, they produced good salivary and milk antibody, but still no serum antibodies. The reason why additional stimulation by killed bacteria was necessary to produce secretory antibody is not clear. In our Harvard rats, the viable S. faecalis stimulated both salivary and serum antibodies in the CR animal and, more slowly, in the CR-2 and CS rats.
Prenatal or neonatal exposure of the immature immune system of the monoassociated CR-2 rats to larger doses of antigen than in conventional animals is a possible explanation for the depressed immune response. Davis and Gill (4) reported considerable depression ofthe immune response to injected antigen in the offspring of high-responder immunized rats, a condition they felt was due to antigen crossing the placenta. Streptococci were found to be a very small percentage of the normal flora of the gastrointestinal tract of conventional Wistar rats during the first week of life, although the animals were exposed to large numbers of streptococci from the dam. Only during the third week after birth did streptococci build up to an appreciable percentage of the flora (J. Mayhew, unpublished observation). This suggests that the gnotobiotic rat monoassociated at birth was exposed to much more streptococcal antigen in early life than was its conventional counterpart. However, the depressed immune response in the CR-2 rat was limited to that produced by monoassociation, and normal responses were obtained with injected antigen.
The second factor in which the CR-2 rats differed from the CR parents was the high SFspecific antibody titers of the mother. It could be hypothesized that the presence of maternal antibody transferred transplacentally or in the milk (8) The poor response of the CS and CR-2 rats does not seem to be a typical example of tolerance, since, while showing little response to bacteria on the mucous surfaces, they responded very well to the added stimulation of the same bacteria given parenterally. A similar phenomenon has been observed when studying the immune response to injected bovine serum albumin in rabbits found unresponsive to the feeding of bovine serum albumin conjugated with lipids (7). However, unresponsiveness produced by fed antigens in a number of animal species has more usually been characterized by a depressed response to injected antigen. Since most strains of rats appear to produce little or no serum antibody when monoassociated with streptococci, a possible explanation for our results would be an unusually high responsiveness to antigen in the gastrointestinal tract in the CR rats, which was somehow compromised by environmental conditions in the CR-2 animals.
Further experiments to study the factor causing the change in the CR-2 rats and the correlation between caries and immune response have important implications for understanding mucous surface immunity and for immunization procedures in children.
